Accurate channel estimation is necessary before we can demodulate orthogonal frequency division multiplexing (OFDM) signals since the radio channel is frequency-selective and time-varying for wideband mobile communication systems. For pilot-symbol-aided channel estimation, pilot sequences are inserted periodically into the data stream enabling coherent detection at receiver. The control signal information can be embedded in pilot sequences and transmitted implicitly in OFDM systems to save the bandwidth. In order to estimate the channel and control signal jointly at the receiver, we propose a novel noise subspace based method in this paper. The proposed method is developed from the DFT-based channel estimator. If the hypothesized sequence coincides with the transmitted pilot sequence, the last part of the channel impulse response (CIR) estimate is only contributed by Gaussian noise and its average power is expected to be the minimum among all possible hypothesized sequences. Simulation results show that the proposed method works well in any of the channels even if integer carrier frequency offset (CFO) is considered.
Introduction
Orthogonal frequency division multiplexing (OFDM) has recently been applied in wireless communication systems due to its high data transmission capability with high bandwidth efficiency and its robustness to multipath delay. An accurate estimation of channel is necessary before the demodulation of OFDM signals since the radio channel is frequency-selective and time-varying for wideband mobile communication systems. For pilot-symbol-aided channel estimation, pilot symbols are inserted periodically into the data stream enabling coherent detection at receiver. Generally, channel estimation can be performed by either inserting pilot tones into all of the subcarriers of OFDM symbols with a specific period or inserting pilot tones into each OFDM symbol [1] , [2] . In the first method, called blocktype pilot channel estimation, the period of pilot insertion must be much smaller than the coherence time of the channel. The second method is called comb-type pilot channel estimation as the number of pilots used for channel estimation is usually much smaller than the number of subcarriers. This method can be used in systems having significant channel variation over short periods. Control information is widely used in OFDM systems. For example, to reduce the peak-to-average power ratio (PAPR), some popular methods, such as selective mapping (SLM) and partial transmit sequences (PTS), need control information to indicate the selected signal index [3] , [4] . In multiple-input multiple-output (MIMO) OFDM system defined in long term evolution (LTE), precoding matrix indicator (PMI) and rank indicator (RI) are the control information used to inform the transmitter which codeword and what rank are selected [5] . However, transmission of control information reduces the data rate. Furthermore, if the receiver does not detect the correct control information, the whole data block is likely to be lost every time which degrades system performance significantly [6] . This is why in practice, a powerful channel code should be used to protect the control information, which makes the system more complex, increases the transmission delay, and further reduces the data rate.
In order to overcome these problems, a novel technique which embeds the control information within the pilot symbols intended for channel estimation is proposed by AlSusa et al. in [7] . In this technique, the transmitter maps each piece of control information into an independent pilot sequence and use the pilot sequence to transmit control information implicitly. In order to estimate the channel and control signal jointly at receiver, a summation of difference based method is also proposed in [7] . However, the performance of this method deteriorates significantly as the coherence bandwidth of channel decreases. In this paper, we propose a novel joint estimation method which can work well in small coherence bandwidth case. The proposed method is developed based on the well known DFT-based channel estimator in [8] and uses a noise subspace to recover the pilot sequence. Furthermore, if we enlarge the search space, the integer carrier frequency offset (CFO) and the channel impulse response (CIR) can be estimated simultaneously by using the proposed method.
Brief System Description
We consider an OFDM system with N subcarriers, each having a bandwidth of B sub . Thus, the overall bandwidth is B = NB sub . In each OFDM symbol, a vector X = [X (0) , X (1) , . . . , X (N − 1)] will be transmitted with X(k) being a symbol from a finite-alphabet complex constellation. For pilot-symbol-aided channel estiamtion, a subset of N p subcarriers are used to carry pilot symbols. The data Copyright c 2014 The Institute of Electronics, Information and Communication Engineers symbols hence are placed on the remaining N − N p subcarriers. If comb-type pilot arrangement is employed, N p pilot symbols P (m) ; 0 ≤ m ≤ N p − 1 are uniformly inserted into X at known locations k = mD f ; 0 ≤ m ≤ N p − 1 . Assuming that N is a multiple of N p , the pilot spacing D f = N N p is an integer number [2] . In this case, the transmitted OFDM symbol X(k) can be written as
where D (k) denotes the data symbol transmitted on the k-th subcarrier and ϕ = 0, D f , . . . , N p − 1 D f is a set containing the indices of the pilot subcarriers. It should be noted that according to the Theorem 1 in [1] , in an OFDM system with N subcarriers, when the noise is additive white Gaussian noise (AWGN), the minimum meansquare error (MMSE) estimate of channel impulse response occurs when the set of N p pilot subcarriers is one of the sets
When the pilot symbols are also used to indicate control information, a pilot sequence pool with M sequences needs to be formed. According to [7] , the transmitter refers to a control information-pilot sequence mapping table with knowledge of the control information to decide which pilot sequence to transmit. For example, a pool of M = 8 sequences can be used to indicate 3-bits control information, as illustrated by Fig. 1 . If the control information bit 001 needs to be transmitted, pilot sequence P 1 is selected and its N p elements are inserted into X at the pilot subcarriers defined in ϕ, as shown in Fig. 2 . The corresponding time domain vector x = [x(0), x(1), . . . , x(N − 1)] is obtained by applying the inverse discrete Fourier transform (IDFT) on X. This vector corresponds to a series of time samples, spaced by sampling period T . Before transmitting the signal, a cyclic prefix (CP) by G samples of the time vector is inserted. The CP is chosen to be larger than the maximum delay spread τ max to prevent any interference between adjacent symbols.
In this paper, we assume that the synchronization is perfect and the channel is constant during the transmission of one OFDM symbol. When these conditions are satisfied, the baseband equivalent discrete-time signal at receiver can be written as
where L is the total number of paths, ((·)) N represents a cyclic shift in the base of N and v (n) is the additive white Gaussian noise (AWGN). h (l) denotes the l-th path gain which is generally modelled as a zero-mean complex Gaussian random variable with
In this paper, we assume all the paths are real path, i.e., σ
After DFT transformation, the received signal in the frequency domain can be expressed by
where i * denotes the index of transmitted pilot sequence, Y (k) and V (k) are the received signal and the noise at the k-th subcarrier, respectively. H (k) is the channel frequency response (CFR) given by [9] 
Since the receiver has the knowledge of all possible pilot sequences and their locations, dividing the received signal with each possible pilot sequence at pilot locations, we obtain
Since the correlation between neighboring elements in {R i=i * (k)} is higher than that in all the other normalized received signal {R i i * (k)}, AlSusa et al. propose a summation of difference based method in [7] . In this method, the correlation factor for each pilot sequence is calculated according to
ence between the adjacent elements and z t denotes the t-th element in set ϕ. Since the highest correlated will have the lowest g value, the index of transmitted pilot sequence is determined bŷ
After the transmitted pilot sequence is detected, its conveyed control signal can be retrieved by referring to the control information-pilot sequence mapping table.
Proposed Method
When i = i * , the corresponding normalized received signal is just the estimate of CFR, i.e.,
Let
containing the CFRs at all the pilot subcarriers. Performing a N p -point IDFT on R i * , we obtain the CIR estimates as [9] , [10] 
Since the channel impulse response has at most G paths, all the other samples inĥ correspond to noise [8] . It should be noted that generally, the samples at the path positions compose the signal subspace while the other samples span the noise subspace. However, since the true path positions are not known at receiver, we define the space composed by the last N p − G samples inĥ as the noise subspace for simplicity. In this case, the signal subspace is defined as a subspace spanned by the first G columns of the DFT matrix. Based on the samples in noise subspace, the noise variance normalized to symbol energy can be estimated by
The expectation of ĥ (l) 2 is
Np + . . .
where the superscript stands for conjugate operation. Assuming the pilot sequences are all random sequences and their elements are all independent and identically distributed random variables with unit energy, for k m, we obtain
Thus, the expectation of ρ i * is
where E s and σ 2 n denote the energy of pilot symbol and the noise variance, respectively. If E s σ 2 n is defined as the signal-to-noise ratio (SNR), the expectation of ρ i * can then be expressed by
Actually the pilot sequences are not really random sequences. So, Eq. (16) is only an approximate expression. However, this approximation is very accurate which can be demonstrated by the simulation results in Sect. 4. When i i * , the normalized received signal can be written as
which can not be viewed as the CFR estimate any more,
Under the assumption that H (k) is uncorrelated with V (k), the expectation of ĥ (l) 2 can then be expressed by
where W (k) = H (k) e jθ and θ is the phase of
According to [11] and [12] , since
It should be noted that Eq. (21) is also an approximate expression, since the pilot sequences are not random sequences. However, through the computer simulations carried out in Sect. 4, we find that this approximation is also accurate. Based on above observation, it is clear that the index of transmitted pilot sequence can be detectedbŷ
Nonuniform Pilot Insertion
It was derived in [1] that when no information about channel is available at transmitter, the comb-type pilot or equallyspaced pilot is the optimal pilot sets which can be used to obtain an MMSE estimate of the channel. However, in some cases, nonuniform pilot insertion, where the pilot symbols are not uniformly inserted into the data sequence, is used. For example, in [17] , a pilot-tone-based maximum likelihood estimator (PBMLE) for CFO is proposed. To achieve a large estimation range equal to the bandwidth of the OFDM signal, this method employs a preamble comprising distinctively spaced pilot subcarriers.
In the case of nonuniform pilot insertion, we use another set ψ to record the index of each element in ϕ and rewrite (3) and (4) as
After dividing the received signal with each possible pilot sequence at pilot locations, we obtain
Since the IDFT output of {R i (k)} is alsô
the same metric as (22) can also be used to detect the index of transmitted pilot sequence.
Integer CFO
As we know, CFO does not introduce inter-carrier interference (ICI) between subcarriers, but does introduce a cyclic shift of subcarriers and a phase change proportional to OFDM symbol number. So, estimation of the integer CFO is mandatory for a successful operation of the proposed method as otherwise the receiver does not know the subcarrier indices over which the training symbols are received. In practical OFDM systems, there usually are dedicated pilot symbols or training sequence for timing and frequency offset correction. For example, in LTE [5] , there are two DL synchronization signals, i.e. the primary synchronization channel (P-SCH) signal (PSS) and secondary synchronization channel (S-SCH) signal (SSS). Generally, the user equipment (UE) performs an initial time and frequency offset estimation by detecting these synchronization channel signals of eNBs [13] . Clearly, these dedicated pilot symbols cannot be used to carry any control information signal.
Besides these dedicated pilot symbols, there are many other pilot symbols which are inserted to estimate the channel parameters. For example, in the WLAN standard adopted by the IEEE 802.11 standardization group [14] , each data packet consists of a preamble and a data carrying part. The data carrying part consists of a variable number of OFDM symbols, where each OFDM symbol contains useful information plus some known pilot bits, which are typically used for updating the phase of the channel estimates [15] . Generally, these pilot symbols can be used to transmit control information implicitly.
In fact, the noise subspace can also be used to estimate the integer CFO. So, if we enlarge the search space, the integer CFO and the index of transmitted pilot sequence can be estimated jointly by using the following metric î * ,υ I = arg min
where
(28)
υ I denotes the integer CFO normalized to subcarrier bandwidth. D (ε) a diagonal matrix given by
where φ = 2πε. F 1 is a discrete Fourier transform (DFT) matrix retaining only those rows corresponding to the pilot subcarriers. In other words, the elements of F 1 is given by
Φ i is a diagonal matrix of the transmitted the i-th pilot sequence, i.e., 
y is the received OFDM symbol in the time domain with the CP removed, i.e.
where the superscript T stands for transpose. The main drawback of this method is the increased computational complexity due to the linear search process over N × M steps. However, in practical systems, the desired estimation range of the integer CFO is not as large as the total number of subcarriers. For example, given a carrier frequency of 2.5 GHz, a typical frequency drift of 10 ppm (10 × 10 −6 ) of the local oscillator results in an offset of 25 kHz. In LTE, which employs a fixed subcarrier spacing of 15 kHz, such an offset corresponds to 1.67 subcarrier spacing [16] . In this case, since the CFO is expected to be in the range of (−2, 2] subcarrier spacing, the search steps of the proposed method decreases to 4 and the metric becomes to î * ,υ I = arg min
Simulation and Results
Several computer simulations are carried out in this section to evaluate the performance of the proposed method. The main simulation parameters for an OFDM system with QPSK modulation are chosen as follows: the sampling frequency B is 5 MHz, the carrier frequency is 2.4 GHz, the number of subcarriers N is 256, the CP length G is 32 and the maximum Doppler frequency is 20 Hz. The multipath fading channel is modeled by a T -spaced tapped-delay line filter with tap gains generated by the Jakes method [18] . The channel is assumed to have 16 paths, with path delays τ l of 0, 2, . . . , 30 samples and an exponential power delay profile σ 2 l = exp (− (l − 1)/α), where α denotes the decay parameter. The decay parameter can be used to change the rms delay spread of the power delay profile, while remain the maximum delay spread unchanged. Especially, for very large α, there would be equal gain in every path, whereas α ≈ 0 would result in essentially one-path channel in delay dimension.
For comb-type pilot based channel estimation, a total of 64 pilot symbols are uniformly inserted into X at the locations belonging to the subset ϕ = {0, 4, . . . , 252}. In order to transmit 3-bit control information, 8 pilot sequences are selected to generate a pilot sequence pool. In [7] , 4PAM pilot sequences are found to perform the best in all the pilot sequences. However, in Rayleigh fading channel, 4PAM pilot sequences still generate error floor in high SNR region. Furthermore, the different energy of the pilot symbols will make the SNR of channel estimates vary over the subcarriers. So, when no information about channel is available at transmitter, the pilot sequence with equal energy for each symbol are usually used [5] , [11] . Since the constantamplitude zero-autocorrelation (CAZAC) sequence is often used as the pilot sequence in OFDM systems, we adopt the Chu sequence in the simulation. According to [19] , the m-th element of the i-th Chu sequence is generated by Figure 3 shows an example of E {ρ i } in a multipath channel with α = 1. In the simulation, we assume the first sequence is chosen as the transmitted pilot sequence, i.e., i * = 1. For comparison, the analytical results obtained by using (14) and (19) are also shown. From Fig. 3 , we find that the analytical results coincide well with the simulation results which demonstrate that the approximation of Eq. (19) Fig. 3 Expectation of ρ i in a multipath channel. is very accurate. Figure 4 shows the pilot sequence error rate (PER) of the proposed noise subspace based method as a function of SNR. For comparison, the summation of difference based method proposed in [7] is also simulated. From Fig. 4 , we find that the proposed method performs better than the method in [7] and the performance gain increases as α increases.
In fact, the basic idea of the method in [7] is to exploit the correlation between the frequency domain channel responses of neighboring subcarriers to detect the index of pilot sequence. So, the performance of this method is mainly affected by the coherence bandwidth. Coherence bandwidth is a statistical measure of the range of frequencies over which the channel can be considered "flat" (i.e., a channel which passes all spectral components with approximately equal gain and linear phase). Two sinusoids with frequency separation greater than the coherence bandwidth are affected quite differently by the channel. If the coherence bandwidth is defined as the bandwidth over which the frequency correlation function is above 0.9, then the coherence bandwidth is approximately [20] 
where σ τ denotes the rms delay spread. The rms delay spread is the square root of the second central moment of the power delay profile and is defined to be According to (23) , the coherence bandwidth is about 0.77 subcarriers for α = 4, 0.59 subcarriers for α = 10 and 0.569 subcarriers for α = 16. Since the pilot spacing is 256/64 = 4 subcarriers, the correlation between the frequency domain channel responses decreases quickly as α increases. So, the summation of difference based method cannot work well in these cases.
Compared with the method in [7] , another advantage of the proposed method is that no channel estimation is needed any more, since the first G elements of the IDFT output of R i * is just the CIR estimates. Based on these CIR estimates, the CFR estimates can be obtained easily by using the DFTbased method described in [8] . Figure 5 shows the normalized mean square error (NMSE) of the estimated CFRs. The NMSE is defined as
whereĤ (k) denotes the estimated CFR at the k-th subcarrier. Figure 6 shows the bit-error-rate (BER) performance as a function of SNR. In the simulation, the minimum mean squared error (MMSE) equalizer is used and no forward error correction (FEC) coding is considered. From Fig. 4 to Fig. 6 , we find that compared with the PER performance, the performance gains in NMSE and BER are limited. This is because that even if all the pilot sequences are detected correctly, there still are errors in channel estimates in the presence of noise.
In some OFDM systems, the power of the pilot symbols can be varied with respect to that of the data symbols in order to reduce estimation errors [21] . Figure 7 shows the PER as a function of SNR where γ is defined as the ratio of the pilot symbol power to the data symbol power. In the simulation, we assume α = 10. The average power of the total OFDM symbol is fixed at one. We adjust the pilot and data power according to the value of γ. From Fig. 7 , we find that the proposed method performs still better than the method in [7] when the power allocation is applied and the performance gain remains almost constant as γ varies.
It is suggested in [22] and [23] that an oversampling rate of two for the pilot symbols could be used to suppress channel noise and improve the estimation performance. Therefore, in most cases, the number of pilots can be assumed to be larger than the maximum delay spread. If the CP length is set to be equal to the number of pilots, the noise subspace disappears and the proposed technique cannot work. However, for small value of α, the powers of the last channel paths are usually not high. So, the last P elements ofĥ can also be used to compose the noise subspace approximately and the index of transmitted pilot sequence can be detected by using the same criterion defined in Eq. (20) . Figure 8 and Fig. 9 show the PER and NMSE performances as a function of SNR, respectively in the case where the number of pilot symbols reduces to 32 which is equal to the CP length. In the simulation, we set P = 15 for α = 4 and P = 10 for α = 10. As can be seen from Fig. 8 and Fig. 9 , the proposed method can also work and still performs better than the method in [7] . Figure 10 illustrates the PER performance as a function of SNR. In the simulation, the CFO is assumed to be an integer and generated randomly from the range (−2, 2]. In order to calculate PER, we use a counter to record the number of correct detection and add one to the counter only when the integer CFO and the transmitted pilot sequence are both detected correctly. As can be seen from Fig. 10 , when the integer CFO is considered, through enlarging the search space, the proposed method can still work well.
With CFO

Conclusions
In this paper, we have proposed a novel method to estimate channel and control signal jointly in OFDM systems. The proposed method is developed based on the DFT-based channel estimator and uses a noise subspace to detect the index of transmitted pilot sequence. Simulation results show that the proposed method works well in any of the channels and no error floor is observed in high SNR region. If integer CFO must be considered, the proposed method can still estimate CFO simultaneously by enlarging the search space,
